NF-kB activation in bronchial epithelial cells is important for the development of allergic airway inflammation, and may control the expression of critical mediators of allergic inflammation such as thymic stromal lymphopoietin (TSLP) and the chemokine CCL20. Members of the caspase recruitment domain (CARD) family of proteins are differentially expressed in tissue and help mediate NF-kB activity in response to numerous stimuli. Here we demonstrate that CARMA3 (CARD10) is specifically expressed in human airway epithelial cells, and that expression of CARMA3 in these cells leads to activation of NF-kB. CARMA3 has recently been shown to mediate NF-kB activation in embryonic fibroblasts after stimulation with lysophosphatidic acid (LPA), a bioactive lipid-mediator that is elevated in the lungs of individuals with asthma. Consistent with this, we demonstrate that stimulation of airway epithelial cells with LPA leads to increased expression of TSLP and CCL20. We then show that inhibition of CARMA3 activity in airway epithelial cells reduces LPAmediated NF-kB activity and the production of TSLP and CCL20. In conclusion, these data demonstrate that LPA stimulates TSLP and CCL20 expression in bronchial epithelial cells via CARMA3-mediated NF-kB activation.
Asthma is a syndrome broadly defined by inflammation of the airways associated with airway hyperresponsiveness and mucus hypersecretion (1) . In most cases, the airway inflammation characteristic of asthma results from an allergic-type reaction to an inhaled substance from the environment (so-called allergic asthma). In response to antigen exposure, the airways develop a predominantly eosinophilic inflammation with prominent edema and mucus production. One of the earliest steps in the establishment of allergic sensitization is the generation of an antigen-specific T cell response, which results from engagement of T cells by antigen-presenting dendritic cells (2) . A network of dendritic cells is located under the airway epithelium, where they can survey the airway for invading pathogens and inhaled antigens (3, 4) . When properly stimulated, these dendritic cells will mature and present antigen with other secondary activating signals to T cells (5) . It is thought that adjuvant signals from airway epithelium, generated in response to inhaled stimuli, influence the migration and maturation state of dendritic cells and T cells, and helps determine whether a particular allergen will trigger a Th2-type inflammatory response (3, (6) (7) (8) (9) . In particular, the production of thymic stromal lymphopoietin (TSLP) and the chemokine CCL20 by epithelial cells is critical for maturation of airway dendritic cells and for the homing of myeloid dendritic cells and T cells to the airways (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . Consistent with this, TSLP and CCL20 are expressed in the airways of individuals with asthma and are known to contribute to the development of allergic airway inflammation in murine models of asthma (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) . These data suggest that epithelial cell production of TSLP and CCL20 is likely a critical mechanism for the establishment of allergic airway inflammation, and that understanding the mechanisms that regulate their production in epithelial cells may provide novel insight into the nature of the interaction between innate and adaptive immunity in asthma.
The transcription factor NF-kB regulates TSLP and CCL20 expression (20) (21) (22) (23) , and therefore is an ideal therapeutic target for inhibiting the production of these important cytokines. Much attention has recently focused on molecular scaffolds that organize and facilitate NF-kB activation downstream of receptor signaling. Many of these proteins contain caspase recruitment domain (CARD) sequences that facilitate protein-protein interactions. CARD-containing proteins are now recognized as key components of the pathways that link innate and adaptive immunity (24) , especially in processes that use NF-kB signaling (25) .
To investigate the role of CARD proteins in NF-kB signaling in airway epithelial cells, we performed a functional screen of CARD proteins in airway epithelial cells and A549 cells (an alveolar epithelial cell line). Intersection of expression data and NF-kB-induced luciferase activity in these cells suggests that the CARD protein CARMA3 (CARD10) may have a specific role for NF-kB activation in airway epithelial cells. CARMA3 is known to activate NF-kB through its interactions with Bcl10 and NEMO/IKKg (26, 27) , and has recently been shown to mediate G protein-coupled receptor NF-kB activation (28, 29) . Specifically, deletion of CARMA3 in embryonic fibroblasts eliminated both lysophosphatidic acid (LPA)-and endothelin-1-stimulated NF-kB activation and IL-8 production (28, 30, 31) .
CLINICAL RELEVANCE
We demonstrate that CARMA3 is highly expressed in airway epithelial cells and that it mediates thymic stromal lymphopoietin and CCL20 expression in response to lysophosphatidic acid stimulation. These data illuminate a novel inflammatory pathway that could be important in asthma pathogenesis.
LPA is a bioactive lysophospholipid that is a component of normal plasma, binds to receptors expressed on leukocytes and structural lung cells (including airway epithelial cells), and is reported to affect cell growth and stimulate cytokine production (32) (33) (34) . In addition, LPA is detectable in the lungs of humans at baseline and its expression increases during allergic inflammation, suggesting a possible role in the pathophysiology of asthma (35) . On the basis of these findings, we investigated the role of CARMA3 in LPA-mediated signaling in airway epithelial cells.
MATERIALS AND METHODS

Reagents
LPA and sphingosine-1-phosphate (S1P) were purchased from Avanti Polar Lipids (Alabaster, AL) and prepared according to the manufacturer's instructions. The antibody to CARMA3 was purchased from Abcam (Cambridge, MA).
Expression Constructs
Full-length mouse CARMA3 (CARMA3 WT) was obtained from Open Biosystems (Huntsville, AL) and subcloned into the pCMV-Myc vector from Clontech (Mountain View, CA). The dominant-negative construct (CARMA3 L51R Myc) was generated by site-directed mutagenesis PCR. Sequences of all cloned cDNAs were confirmed by DNA sequencing by the MGH Sequencing Core. CARD gene identification information is provided in Table E1 in the online supplement. The NF-kB-dependent firefly luciferase reporter was described previously (36, 37) . The pRL-TK Renilla construct was obtained from Promega (Madison, WI). DNA lentiviral constructs containing shRNA against human CARMA3 (TRCN107246-49) were obtained from the RNAi consortium (TRC, http://www.broad.mit.edu/ genome_bio/trc/) supply at the Broad Institute (Cambridge, MA) (38) . The shRNA target sequence of TRCN107247 is 59-AAACCCAG GGCTGCCTTGGAAAAG-39 and that for TRCN107248 is 59-AAA CCCAGGGCTGCCTTGGAAAAG-39. Both are cloned into the pLKO.1puro vector. Empty pLKO.1puro was used as a control.
Epithelial Cell Culture
Mouse tracheal epithelial cells were cultured using a published protocol (39) . Briefly, tracheas were removed and digested overnight with pronase. The released cells were collected and then further selected by removing cells that adhered to a culture dish. The cells were then plated onto collagen-coated Transwells (Fisher Scientific, Pittsburgh, PA) and allowed to grow in media supplemented with epidermal growth factor and retinoic acid as described previously (39) . After 5 to 7 days, an air-liquid interface was created and the cells were allowed to grow for an additional 7 to 10 days. Purity of the culture was determined by the ability to maintain an air-liquid interface, the presence of beating cilia, and expression of the airway epithelial cell transcription factor (TTF-1). Normal human bronchial epithelial (NHBE) cells and airway smooth muscle cells were obtained from Lonza (Basel, Switzerland) and grown in bronchial epithelial cell growth media (BEGM) or smooth muscle cell media (Lonza) according to the manufacturer's instructions. After growth in tissue flasks, the NHBE cells were plated onto collagen-coated Transwells (Fisher Scientific) and allowed to grow in BEGM. After 7 days, an air-liquid interface was created and the cells were allowed to grow for an additional 7 to 10 days, before being used in experiments. A549 cells, a human alveolar epithelial cell line, were obtained from ATCC (Manassas, VA) and were cultured in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% fetal calf serum plus supplemental iron. All cells were grown in a humidified 5% CO 2 incubator at 378C.
Mouse Lung Cell Isolation
Mouse tracheal epithelial (MTE) cells, lung endothelial cells, and lung fibroblasts were isolated and cultured as previously described (39-41). Pulmonary macrophages and dendritic cells were isolated from single cell suspensions of mouse lungs by cell sorting using the marker CD11c and autofluorescence as previously reported (42) .
Epithelial Cell Stimulation
For all cell types, normal culture media was replaced with low serum (1%) media for 24 hours. The cells were then stimulated with LPA, 10 ng/ml TNF-a, or 1 ng/ml IL-1b (both from R&D Systems, Minneapolis, MN) for the indicated times. Concentrations were based on previously reported work with these cells (20, 28) .
Functional Assay: CARD Domain NF-kB Screen A549 cells were transfected with 250 ng of indicated CARD plasmids, plus NF-kB luciferase reporter (5 ng) and Renilla (0.05 ng) plasmids. cDNA clones were obtained from Open Biosystems (Hunstville, AL) and Origene (Rockville, MD). After 24 hours, the cells were lysed and luciferase activities were determined with a dual-luciferase reporter assay system (Promega, Madison, WI) according to the manufacturer's instructions. NF-kB activity was assessed by normalization of firefly luciferase activity to Renilla luciferase activity.
Immunohistochemistry
Normal C57BL/6 mice were killed by CO 2 inhalation. The lungs were flushed free of blood by slowly injecting 10 ml of PBS into the right ventricle before excision. The left lung was inflated with 10% buffered formalin to 25 cm H 2 O pressure and transferred into vials containing 10% buffered formalin. Multiple paraffin-embedded 5-mm sections of the entire mouse lung were prepared. Lung sections were dewaxed in xylene, hydrated, and incubated in 5% normal horse serum to preabsorb nonspecific immunoglobulin binding sites. The section was flooded with a rabbit polyclonal primary antibody to CARMA3 (1:300; Abcam) and incubated in a humid chamber overnight, followed by a biotinylated rabbit anti-sheep secondary antibody (1:200 dilution; Jackson Immunoresearch, West Grove, PA) for 1 hour and then 1:1,000 streptavidin-labeled Alexa Flour 568 (Molecular Probes/Invitrogen, Carlsbad, CA) for 1 hour.
A549 Stimulation and Luciferase Assay
A quantity of 5 3 10 5 A549 cells was seeded into single wells of a 12-well plate; 24 hours later, the cells were transfected as follows: 500 ng cDNA, 10 ng NF-kB luciferase reporter, and 0.1 ng Renilla luciferase reporter using Lipofectamine 2000 (Invitrogen) according to the manufacturer's recommended protocol. Cells were stimulated as outlined. The cells were then lysed and luciferase activity was determined with a dual-luciferase reporter assay system (Promega) according to the manufacturer's instructions. NF-kB activity was assessed by normalization of firefly luciferase activity to Renilla luciferase activity.
Transfection of NHBE Cells with shRNA Containing DNA Constructs
A quantity of 5 3 10 5 NHBE cells was seeded into single wells of a 6-well plate and cultured for 48 hours. The cells were then transfected using Primefect reagent (Lonza) and 1 mg of DNA construct containing a puromycin resistance gene and an shRNA specific to CARMA3 or a control vector according to the manufacturer's protocol. After 48 hours, the medium was changed and puromycin was added (2 mg/ml). After 24 to 48 hours, the cells were stimulated as described above and then harvested for analysis.
Quantitative PCR
RNA from various resting, unstimulated, and stimulated cell lines was isolated (RNeasy, Qiagen, Valencia, CA), and cDNA was prepared using the iScript cDNA Synthesis Kit (Bio-Rad, Hercules, CA). Gene expression was quantified on an iQ5 RT PCR Detection System (BioRad) using SYBR green (iQ SYBR Green Supermix; Bio-Rad) according to the manufacturer's suggested protocol. All values are shown normalized to GAPDH values. Samples were assayed in duplicate. Primer sequences used were selected using the Massachusetts General Hospital (MGH) PrimerBank (pga.mgh.harvard.edu/ primerbank/). All PCR products were visualized on a 2% agarose gel, and the bands were confirmed to be the correct sizes.
Protein Quantification
Supernatants from cell culture assays were collected and then used undiluted in commercial ELISA kits for IL-8, CCL20, and TSLP (R&D Systems) according to the manufacturer's protocol.
Data Analysis
Data are expressed as mean 6 SEM. Differences between means were tested for statistical significance using unpaired t tests as appropriate to the experiment. For comparisons of multiple time-points or doseresponses a two-way ANOVA was used. From such comparisons, differences yielding P , 0.05 were judged to be significant.
RESULTS
An Integrative Genomics Approach Can Identify CARD Proteins Involved in NF-kB Signaling in Lung Epithelial Cells
We hypothesized that CARD proteins are critical mediators of NF-kB activation in airway epithelium (43, 44) . We found expression of a number of CARD proteins in normal human bronchial epithelial (NHBE) cells ( Figure 1A ), including PYCARD (CARD5 or ASC), DDX58 (RIG-I), IFIH1 (MDA-5), Bcl10, and CARMA3. To determine the function of these CARD proteins in epithelial cells, we performed a gain-offunction cellular screen. Expression constructs for individual CARD proteins along with a NF-kB reporter plasmid were introduced into A549 cells, and 24 hours later reporter activities were measured. Expression of these CARD proteins in this cell line led to enhanced NF-kB-dependent luciferase activity ( Figure 1B) . Among the activators, CARMA3 enhanced reporter activity more than 80-fold and was expressed specifically in NHBE cells when compared with other cell types.
CARMA3 Is Expressed in Mouse Airway Epithelial Cells
Our data are consistent with prior data demonstrating high expression of CARMA3 in human lung (27) . In addition, our data suggest that relative to other CARD proteins, CARMA3 is specifically expressed in airway epithelium. To investigate the specificity of CARMA3 in several different lung cells, we used a panel of cell types isolated from murine lungs, including mouse tracheal epithelial cells (MTE), endothelial cells (EC), fibroblasts, macrophages, and dendritic cells (DC). We isolated RNA from these cells and measured CARMA gene expression. CARMA3 was most highly expressed in the MTE cells, with 9-fold greater expression in these cells compared with the other cell-types (Figure 2A ). In addition, CARMA1 and CARMA2 were not expressed in the MTE cells. We next performed immunofluorescent staining with an antibody to CARMA3 on sections of normal mouse lung. There was prominent staining for CARMA3 in the airway epithelium on these sections but not in other cell-types in the lung ( Figure 2B ). 
LPA Stimulation of Bronchial Epithelial Cells Up-Regulates TSLP and CCL20 Expression
Our data suggest that airway epithelial cells may use CARMA3 for NF-kB activation in response to specific stimuli. Since TSLP and CCL20 expression in epithelial cells is controlled by NF-kB activation (20, 23, 28) , we hypothesized that LPA, a mediator known to signal via CARMA3 (28, 29) , will stimulate epithelial cells to express these mediators. We cultured NHBE cells on an air-liquid interface (ALI) and then stimulated them with 10 mM LPA for 4, 6, 18, 24, and 48 hours. We used 10 mM LPA for our initial experiments, as this was the concentration shown to be effective in prior studies (31, 32) , and recent data from humans with asthma has demonstrated that airway concentrations are around 1 to 10 mM after allergen challenge (35) . RNA expression of TSLP was increased in the NHBE cells after 4 hours of stimulation and peaked at 6 hours of stimulation to a level 49-fold greater than in unstimulated cells ( Figure 3A) . CCL20 RNA levels peaked with 4 hours of stimulation to a level 20-fold greater than in unstimulated cells. The levels then remained relatively elevated for 24 hours (4-to 6-fold greater than in unstimulated cells) ( Figure 3B ). After this, we stimulated the NHBE cells with increasing concentrations of LPA or the sphingolipid S1P for 6 hours and then measured the RNA levels of TSLP and CCL20. There was a nearly 6-fold increase in TSLP expression with treatment with 1 mM LPA and 40-fold increase in TSLP expression with 10 mM LPA treatment ( Figure 3C ). This increase was not seen with S1P stimulation (Figure 3C) . Similarly, the expression of CCL20 and IL-8 (as shown by others [32, 45] ) was up-regulated by 10 mM LPA stimulation by 10-fold and 4-fold, respectively, but not by S1P treatment ( Figure 3D and data not shown). The protein level of TSLP in the supernatant 6 hours after 10 mM LPA stimulation was also increased 2.5-fold over unstimulated cells ( Figure 3E ) and was comparable to levels induced by TNF-a, which has been previously reported to stimulate TSLP production in epithelial cells (12, 20) . We also measured the RNA expression levels of the five known LPA receptors (LPA1-5) in NHBE cells, which demonstrated expression of LPA1, LPA2, and LPA3, consistent with data from others (data not shown) (45) .
CARMA3 Mediates LPA-Stimulated TSLP and CCL20 Production by Lung Epithelial Cells
To determine if CARMA3 mediates LPA-stimulated TSLP production, we used the human alveolar epithelial cell line A549. These cells expressed CARMA3, but at levels 3-fold lower than the MTE or NHBE cells ( Figure 4A ), and did not have robust production of TSLP in response to LPA (data not shown). We transfected A549 cells with Myc-tagged wild-type (WT) murine CARMA3, a Myc-tagged dominant-negative mutant form of CARMA3 (L51R), or empty vector. As with CARMA1, the CARD motif of CARMA3 binds to Bcl10 directly and is required to induce NF-kB activation. A point mutation in the CARD sequence of CARMA1 (L39R) disrupted binding to Bcl10 and acted as a dominant-negative form of the protein (46) . We mutated the corresponding conserved L51 to R in CARMA3 to mimic the CARMA1 dominant-negative mutant. Consistent with this, expression of the CARMA3 L51R construct led to minimal NF-kB-induced luciferase activity, while overexpression of CARMA3 WT protein led to a 25-fold increase in NF-kB activity ( Figure 4B ). When the transfected A549 cells were stimulated with LPA, there was a 15-fold increase in NFkB-induced luciferase activity in cells trasnfected with a myccontrol vector, while the cells transfected with WT CARMA3 had a greater than 70-fold in increase in NF-kB-induced luciferase activity. LPA stimulation of the cells transfected with the dominant-negative form of CARMA3, however, did not lead to an increase in NF-kB activation compared with the A549 cells transfected with the control vector ( Figure 4B ). We also measured TSLP expression and found that LPA increased TSLP RNA levels greater than 2-fold in cells transfected with WT CARMA3, but not in the cells transfected with the mutant dominant-negative form of CARMA3 ( Figure 4C ). TNF-amediated expression of TSLP was not affected (data not shown).
As a final proof of concept, we sought to determine if shRNA-mediated knockdown of CARMA3 would inhibit LPA-mediated TSLP and CCL20 production in NHBE cells. We obtained four expression constructs containing shRNA sequences specific for human (and also murine) CARMA3. We then co-transfected A549 cells with Myc-tagged WT CARMA3 and the shRNA constructs, and then measured CARMA3 RNA and protein expression. We used an empty vector (pLKO.1puro) as a control (shRNA control). Two of the constructs, TRCN107247 and TRCN107248 (labeled shRNA47 and 48), led to 70 to 80% knockdown of CARMA3 at the RNA level and a dramatic decrease in CARMA3 protein production ( Figure 5A) . A similar amount of CARMA3 knockdown was seen in transfected NHBE cells ( Figure E1 ). Based on this analysis, we used the shRNA48 construct to transfect NHBE cells for subsequent experiments. After transfection and puromycin selection, there was a 2.5-fold decrease in CARMA3 RNA levels in the NHBE cells transfected with shRNA48 compared with cells transfected with the control vector ( Figure   Figure 2 . CARMA3 is expressed in murine airway epithelial cells. (A) CARMA1, CARMA2, and CARMA3 RNA levels measured by QPCR and normalized to GAPDH in cell-types isolated and cultured from the lungs of mice. MTE, mouse tracheal epithelial cells; DC, dendritic cell; EC, endothelial cell. (B) Immunohistochemistry of normal mouse lung with stained with an antibody to CARMA3. There is impressive staining of bronchial epithelium. 5B). When the transfected cells were stimulated with 10 mM LPA for 6 hours, there was a greater than 900-fold increase in TSLP RNA levels and a greater than 15-fold increase in CCL20 RNA levels in the cells transfected with control vector, while the cells transfected with the shRNA48 construct had an attenuated response to LPA with 6-fold less TSLP RNA and 3-fold less CCL20 RNA compared with the cells transfected with the control vector ( Figure 5C ). Analysis of TSLP and CCL20 protein levels in the supernatents from these cells demonstrated 4-fold less TSLP and nearly 2-fold less CCL20 in the supernatants from LPA-stimulated cells transfected with the shRNA48 construct compared with the cells transfected with the control vector ( Figure 5D ).
DISCUSSION
Activation of NF-kB is induced by a large and medically significant collection of signals that herald the onset of infection or injury and mobilize the resources of the immune system to meet the challenge. In addition, activation of NF-kB is seen in the context of immune system dysregulation in disorders such as allergic asthma, and thus is a therapeutic target for inflammatory diseases. Consistent with this, NF-kB activation in airway epithelium occurs quickly after allergen exposure in animal models and humans, and mediates expression of inflammatory cytokines (47-51), many of which play an important role in the pathogenesis of allergic airway inflammation (13, 21, (52) (53) (54) (55) (56) (57) (58) (59) . Furthermore, inhibition of NF-kB in airway epithelial cells effectively attenuates allergic inflammation in a murine model of asthma (60) . Since complete inhibition of NF-kB would lead to profound immunosuppression (61), we have investigated whether disruption of accessory proteins in the NF-kB pathway may allow more cell-and pathway-specific inhibition of inflammation.
Many of the scaffold proteins that mediate NF-kB activation contain one or more CARD sequences that facilitate proteinprotein interactions (25) . A large family of CARD-containing proteins have now been identified that have very different functional roles and cell-specific expression profiles. For example, we have recently shown that CARMA1 helps mediate allergic airway inflammation via its role in T cell activation (62) . In the current study, we investigated the expression of a panel Thymic stromal lymphopoietin (TSLP) and CCL20 expression in normal human epithelial cells in response to LPA stimulation. (A and B) Normal human bronchial epithelial (NHBE) cells were grown on an air-liquid interface and stimulated with 10 mM lysophosphatidic acid (LPA) for the indicated time period. RNA was isolated from the cells and the levels of (A) TSLP and (B) CCL20 were determined by QPCR. Values are the mean of three to six samples 6 SEM. *P , 0.05 versus unstimulated cells by unpaired t test. This experiment was repeated two times. (C and D) NHBE cells grown on an air-liquid interface were stimulated with increasing concentrations of LPA or sphongosine-1-phosphate (S1P) for 6 hours. RNA was isolated from the cells and the levels of (C) TSLP and (D) CCL20 were determined by QPCR. Values are the mean of three to six samples 6 SEM. *P , 0.05 versus S1P stimulated cells by ANOVA. This experiment was repeated two times. (E) NHBE cells were grown on an air-liquid interface and stimulated for 6 hours with media alone (serum-free), 10 ng/ml TNF-a, 1 ng/ml IL-1b, or 10 mM LPA. TSLP expression was then analyzed by commercial enzyme-linked immunosorbent assay (ELISA). Values are the mean of four samples 6 SEM. *P , 0.05 versus unstimulated cells by unpaired t test.
of CARD proteins in airway epithelial cells. Our data demonstrate that CARMA3 is preferentially expressed in lung epithelium compared with other lung cell-types, and induces high-level NF-kB activation when expressed. Additional CARD proteins expressed in the bronchial epithelium include CARD domain containing helicase proteins DDX58 (RIG-I), melanoma-differentiation-associated gene 5 (MDA5/IFIH1/ Helacard), and CARD5 (ASC). DDX58 and IFIH1 have an important role in the response to viral infections such as influenza and rhinovirus and may be particularly important in epithelial cell recognition of these viruses and the asthma response. CARD5 is important for formation of the inflammasome, which ultimately leads to the initiation of innate immunity. Although many of these proteins are likely important for allergic immune response in asthma, we chose to explore the role of CARMA3 in bronchial epithelial cells, based on its specificity to these cells and the high-level NF-kB activation induced by its expression.
The NF-kB-dependent cytokines, TSLP and CCL20, are produced by airway epithelial cells and are important for initiating allergic inflammation (14) . Among its many functions, TSLP stimulates dendritic cell maturation, which in turn leads to effective antigen presentation to reactive T cells, thus initiating the adaptive immune response to an inhaled antigen. CCL20 is a chemokine that mediates chemotaxis via its receptor CCR6 (15, 23) . CCR6 is expressed on memory T cells and dendritic cells, so it may help recruit these cells into the airway, further facilitating dendritic cell-T cell interactions (63, 64) . Experiments in murine models of asthma have confirmed an important role for the CCL20-CCR6 axis in the pathogenesis of allergic airway inflammation (19) . Therefore, understanding the mechanisms that lead to NF-kB-mediated TSLP and CCL20 production in epithelial cells after exposure to antigen may provide a novel means to prevent airway inflammation.
As mentioned previously, CARMA3 has been shown to mediate LPA-stimulated NF-kB activation in murine embryonic Figure 4 . CARMA3 mediates LPA-induced NF-kB activity and TSLP expression. (A) MTE, NHBE, and A549 cells were grown in culture for 1 to 2 weeks and then harvested for RNA isolation. CARMA3 RNA levels were measured by QPCR and normalized to GAPDH in the indicated cell types. (B) A549 cells were transfected with WT CARMA3, the L51R dominant-negative mutant form of CARMA3, or a control vector plus NF-kB luciferase reporter and Renilla plasmids. NF-kB activity in these cells was assessed by normalization of firefly luciferase activity to Renilla luciferase activity at baseline and after incubation for 6 hours with 10 mM LPA. This experiment was repeated two times. (C) TSLP RNA levels measured by QPCR and normalized to GAPDH in transfected A549 cells at baseline and after incubation for 6 hours with 10 mM LPA. Values are the mean of three samples 6 SEM. *P , 0.05 by unpaired t test. This experiment was repeated two times.
fibroblasts (28, 30, 31) , and recent data suggest that LPA may have an important role in mediating airway epithelial cell function, including the release of inflammatory mediators (32) (33) (34) . In addition, there are accumulating data suggesting a role for LPA in asthma (33) (34) (35) . Based on this, we hypothesized that LPA stimulation of bronchial epithelial cells would activate NFkB via CARMA3. Furthermore, since TSLP and CCL20 production from airway epithelial cells is controlled via NF-kB, we were interested in finding out if LPA would up-regulate TSLP and CCL20 production in airway epithelial cells (20) (21) (22) (23) . Our data clearly demonstrate that LPA, at concentrations seen in asthmatic airways, can stimulate TSLP and CCL20 production from airway epithelium. This was specific to LPA as stimulation with a related phopholipid, S1P, did not up-regulate these cytokines. This suggests that LPA, possibly released in response to allergen exposure, can stimulate epithelial cells via CARMA3-induced NF-kB activation to express TSLP and CCL20. These experiments reveal a novel biological pathway that may be important for the development of allergic inflammation in the lung. Knockdown of CARMA3 attenuates LPA induced TSLP and CCL20 expression in NHBE cells. (A) A549 cells were transfected with lentiviral vectors expressing shRNA sequences specific to CARMA3 or a control vector. CARMA3 RNA knockdown was assessed by measuring the level of CARMA3 expression by QCPR. Levels were normalized to A549 cells transfected with a control vector and expressed as relative expression compared with control levels. Values are the mean of three samples 6 SEM. Western blot of cell lysates from A549 cells transfected with WT CARMA3 and constructs containing sequences for shRNA against CARMA3. Blots were probed with an antibody to Myc. (B) CARMA3 RNA levels measured by QPCR and normalized to GAPDH in NHBE cells after transfection with a construct (shRNA48) containing an shRNA specific to CARMA3 or a control vector. Values are the mean of three samples 6 SEM. This experiment was repeated two times. (C) TSLP and CCL20 RNA levels measured by QPCR and normalized to GAPDH in transfected NHBE cells at baseline and after incubation for 6 hours with 10 mM LPA. There are at least six samples in each group pooled from two experiments. *P , 0.05 by unpaired t test. (D) TSLP and CCL20 protein levels in culture supernatants measured by ELISA in transfected NHBE cells at baseline and after incubation for 6 hours with 10 mM LPA. There are at least three samples in each group pooled from two experiments. *P , 0.05 by unpaired t test.
